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Amendments to the Specification: 

A DEVICE AND A METHOD FOR THE FORMATION OF GRADIENT 
LAYERS ON SUBSTRATES IN A VACT TTTM CHAMBER 



BACKGROUND OF THE INVENTION 
[0001] The invention relates to a device and a method as well for the formation of 

gradient layers on substrates in a vacuum chamber, and to the use of the device according to the 
invention for the fabrication of X-ray optics elements > 

[0002] The solution according to the invention is suitable for the fabrication of gradient 

layeis, and accordingly multilayer systems as well which in particular can be employed for the 
fabrication ofX-ray optics elements as well as for the use with electromagnetic radiation within 
the wavelength range of the extreme ultraviolet radiation. 

[0003] Then, the individual layers may have layer thicknesses in the range of between 0. 

2 Tm and 1 |im. 

[0004] In particular, with the short wavelengths of matter in question of the 

electromagnetic mdiation high demands are placed on the equivalent local layer thicknesses of 
the gradient layers to ensure the desired layer and coating properties, respectively. 
[0005] Thus, it is well-known to form regularly constructed multilayer reflectors (LSM = 

layered synthetic microstructuie) on substrate surfaces, wherein equivalent alternating layer 
systems made of materials having a high or lower electron density (e.g. Si02, Mo, Si, C) between 
the latter bander layers can also be formed again, respectively, can be used with a number of 
periods of up to 1000 periods. The barrier layers are allowed then to be extremely thin, and have 
layer thicknesses in the range of between 0.2 to 5 nm. 

[0006] However, with solutions which are known per se, problem arise for the fabrication 

of gradient layers and equivalent multilayer system, respectively, wiA-such substrateo the 
surfhcofi of whio bwhen the surfaces of substrates to be coated are curved at least in areas to 
further achieve beam shaping properties in addition to the reflection and monochromatization. 
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{0007] [Thus, from R. Dietsch et aL in "PULSED LASER DEPOSITION (PLD) - An 

Advanced State for Technical Applications' 1 , Opt. and Quantum Electronics 27 (1995), page 
138S, for example, it is known feg-in the fabrication of so-called "Gobelspiegel" (Goebel 
minors) to form a nanometer type multilayer system on aft correspondingly curved surface of a 
substrate, in which the respective substrate is moved translatorily with a varied velocity along an 
axis with respect to a flow source of particles, 

10008] From US 904 it is k n o wn fo r discloses the fabrication of such graded 

layers te-uses a mask element which is designed to be fixed with the substrate to be coated. With 
this mask element, a plurality of channels having a different length is provided, wherein the 
longitudinal variation of the channels is selected in a continuous manner. According to the length 
of the channels^ an equivalent volume flow rate of particles is allowed to reach through them the j 
substrate surface to be coated, and accordingly, in connection with longer channels a lower layer 
thickness, and in connection with correspondingly shorter channels a higher layer thickness can 
be formed. 

[0009] However, by the u se of a mask element having such channels ? reduces the 

achievable coating rate on the surface of the substrate will - be - reduced since a portion of the flow 
rate of particles deposits on the mask element and inside the channels. 
[0010] Furthermore, with such a solution* the gradient layer formed on the surface of 

substrates or an appropriate multilayer system cannot avoid residual ripple which negatively 
affects the optical and X-ray optics properties ofthe resulting device . 

[0011] Therefore, it is an object ofthe invention to propose a solution wherein gradient 

layers having an increased efficiency and reduced residual ripple of the surface of the formed 
gradient layers can be obtained. 

SUMMARY OF THE INVENTION 
[0012] Ac^rding ^ e - the - Hivention, this object is achieved with a device comprising the 

features of oloim 1, and a method aooording to olaim 1 6 as well. An advontagoouo uoo rosultD 
according to claim 23 for the fabrication of X - ray optics elements which particularly 
odvantagooujlv includ e beam ahaping - proportios as wolL D isclosed herein is a device for forming 
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gradient layers on substrates m a vacuum d andier, melti ng a particle source, a mask haying 
discretely located perforations, and a constant thickness disposed between the particle source and 
the substrate, and a drive means operating on the mask t o provide oscillatory movement alongat 
least one axis in a plane with respect to the s ubstrate. A ratio of free cross-sections of the 
perforations discretely located in the mask and interm ediate web surfaces of the mask per unit 
area is varied over at least one of total surface or on area s of the mask. The distance between the 
surface of the substrate and the mask differs in size over the total surface of the surface areas. 

rOQ131 Also disclosed herein is a method for fanning gradient layers that can be used to 

prepare various devices such as X-rav optics, 

[0013]F o aturcs m e ntioned in th e subordinat e claims r e present advantagoous agpeots - aa d 
improvements of tho invention. 

{ 001 4 ] With the solution aooording to the invention, the surface of a subsfrate 4 s - coated within a 

vacuum chamber wherein o flow rntf *f pirtiH** "tiKrad for tho oontinp is formcd -#eiBra 

p anicle sour o e - and diroct o d upon th e- sarfaoo of the substrate to be ooatod through a mask having 

discretely arranged perforations and disposed betweon tho partiolo source and substrate. 

[0 01 5] Plftttn n mirror tnr^tn nni basket^ e g age nnitnhlH pnrtiQlo nourc e s T 

[00161On that occasion, tho mask is profombly formed plnteabapod, and has a constant thieh-aess; 

g o a erally. 

[QQ17]Then, tho mask and tho substrate are moved relative to each other. This motion is allowed 
to occur oooillatorily along at least one axis. However, it io also possiblo during tho ooating 
proce s s to perform s uch oscillatory motions along two axes Aligtiod orthogonally to each other ? 
[001 8 ]Howcvcr, it is al s o possiblo to perform the relative motion in tho form of a circular path 
such that the resp e c&vo perforations of the mask perform a oiroular path motio ftr 
[OOlDIWith such a rclativo motion of tho mask- and subst a a rt o, the r e sidual rippl e can bo reduced 
evidently (e.g. with tho factor of 10). 

[0030]Tho graded lay e r thickness can bo obtained with the mask to be xisod according to th e 
invention by moans of a respective variation of the ratio of free cros s se ctions of th e^ perfbration s 
boing discretely provid e d in tho mask, and the intermediate web surfaces per unit of area . Such 
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graded layer tIiic]messes-e9fl4)e-p«^cmt-QVQr tho total gurfoc e , - however, on areas of the mask-os 
woll to fomnequivaleitf gradients of layer thickn e sscs - on the total ourfhoo or mer e ly on areas of 
the surface to be coated, - 

[0021 4¥ ^ ^ ¥ Q r r gg H & e uts of layer thickness e s can also be obtain e d alone or in addition to tho 
previously dosoribod way by means of a corresponding variation of the distaaoo botwoon tho 
surface of the substrate and the mask. Thus, for example, the mask can bo obliquoly aligned at an 
inclined angle toward tho substrate aurfaoo, howovor^ or on obliqu e ly inclined substrate surface 
oan bo used with a mask align e d orthogonally to tho respective flow rate of partielos r 
[0022JHowovor, the mask can be curved completely or merely in aroaa in a concavo - and convex 
mnnnor; respectively, 

[0023] As a rulc r k-will bo a d vantageous to form tho porforatiens - b ei ngKitscr e t e ly aitting e d ^wifeia 
tfe e- mask with id e ntical fr e e cross - sections and identical cross - sectional geometries ns well: 
|092 4 ]Th e fr e e cross sections of tho perforations are allowed to be formed in a circular, 
hexagonal, octagonal or ovon elliptical man ses? 

[0025]With hostagonnl or ootagon al or oss oootional -shap es- of - th e- perfbTations it is possible that 
unequal-edge lengths havo bo c m - form e d 4 n - order 4 o - obtain e longat e d free cross sections of the 
perforation suoh as witivelliptical shap e s as w e ll. In particular, this, is favourabl e if the mask to 
be used according to the invention has be e n aligned at an obliquely mclinodkffiglo or with a 
curved forBaa^^w&fa-respect to th e- r e spectiv e substrat e surface. Thus, th e r e sp e ctive aagle^f 
inclination at the corresponding perforation may - b e compensated for tho passago of tho flow rato 
of particles. 

[002(flFrcqucntly, it may bo favourable to oontinuoualy provid e ^h e- variatioii of th e ratio of the 
fr ee cross sections of the perforations with the intormcdkito - wob purfaooD per unit of aroa along 
an axis. 

[0037]Particularly in this - o a so tho perforations can bo fomiod a column and - lin e , 
arrangement within H &e maak. In this oaso it iiK ri so - suitable for th e p e rforations to be staggered to 
e ach oth e r in adjacent linoo or oolumnfe 
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[0 02 8 ]It is - also possible for this ratio to be varied from the inside radially toward outwards, for 
example, originating from the centre or centr e of gravity of tho surface of the mask. 
[0029]Howcvcr, tho ratio of tho fr e e cross section surface^and of tlio intermediate web surfaces 
per unit of area can abo - bc variod undor consideration of a substrate surface boing aligned at an 
obliqu e ly - incised angle or curved, ^^considering the different distances b ot woen the m agic a nd 
substrate - surface ; 

{ 0030]The tronslntory oscillatory motion between tho mack and substrate should preferably be 
performed in parall e l with tho alignment of tho rcspoctivo linc3 and/or columns of perforations, 
[0031]The path travelled between the inv e rsion points durin§ -g a<ah an oscillatory motion should 
correspond to tho control distanoo of centres or centres o£fflgvi*y of tho s urface of th e 
perforations of a mask? 

[0Q32)Howcver ? the^amoKjimensioning can also be selected for the diagnotor of the circular-pa^ 
motions vvhioh carry out tho individual perforations of the - mask. 

[0033]Tho flow rat e of particles used for ooating can bo generat e d in r vaouum with CVD methods 
or c1sqP2VD methods loiown per so. Thus, for example, the electro beam evaporation, the PLE > 
method and ion supported methods con be employed. 

[003 4 ]Magnetron sputtering has booom e apparent as suitable to obtain relatively largo area and 
homogenous coatings, in parfifl slaET 

[0035]Su€eessively, multilayer systems can be fortnod with several sources of particle - flow rates 
m - a common vacuum chamb er 

[0036] l n a dd iti o n tn fhr rrlntiv" 1 tn^ti^n to hr * employed V»r^wran the manic and ^substrate it io also 
advantageous to additionally move tho substrate and mas k t ogether with respect to ths^asma 
souroo and / or a targo fr which in turn can b e advantageously obtained through a common rota te** 
about an axis of rotation. 

[0037]For a relative motion of the mask apd - substratc tho most different propulsion conocpts con 
bo used. Thus, it is passible to use conventional moohonical drives including gears and without 
additional gears which can also bo combined with the drivo for tho common motion of th e 
s ubstrate and mask. 
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f 003 8 ]How e ver, in particular for an oscillatory translator r e lative motion it may - bo 
advantageous to use at least one piozo actuator which implements the oscillatory motioa 
including a suitable patfa - betw ee n tho invorGionpointo^Dy ^ m e ^ s- of - a r kver - ^ s t^ as th e-ea$e 
may be. 

[0039] - Witfath e invention it is po s sible to form almost any gradients of layer thicknes s , and 
howovor locally - limit e d gradients of lay e r thickn e ss in the individual layers or multilayer sy s tems 
on substrat e surfaces. Layer thicknesses within tho range of a 0.2 up to 1 jim area are allowed to 
be implemented ' . - 

[00 4 0] The achievabl e ■ res ^ d^itk^ple - is - so small such that interferenc e 's with refleotions^f X - 
radiation can be avoided. 

{0Q 4 1JMoG t diff o roatly - form e d subsffi^airfae e s^ ^ form 

■W043tr00141 Other applications of the present invention will become apparent to those skilled 
in the art when the following description of the best mode contemplated for practicing the 
invention is read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
jfl943}f00151 I n the following, the invention shall be explained in more detail by way of 
example, wherein 

f8044HX)0161 F ig. 1 diagrammatically shows an example for a device according to the 
invention; and 

f6Q4^-fOQl7| F ig. 2 shows two examples for mas k s which can be employed with the invention, 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
fgMgjQOlS] I n Fig. 1, a substrate 3 including a substrate holder 3' is shown abandoning the 
illustration of a vacuum chamber. 

fCMMg^OOlg] B etween a target 4 which a particle current is directed from upon the surface of 
the substrate 3 to be coated, and the surface of the substrate 3 to be coated, a mask 1 to be 
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employed according to the invention is present, which can be moved relative to the substrate 3 
by means of a driv e not shown as well , A respective oscillatory reciprocating motion is intimated 
with the double arrow which also applies to the perforations formed within the mask I for the 
illustration in Figure 1 . 

fgg4gj[0020] S ubstrate 3 incl uding the mask 1 is allowed to be moved with the substrate holder 
3' during a simultaneous rotation about the axis of rotation of the substrate holder 3 1 across the 
target 4, and in the range of influence of the particle current as indicated with the portion aligned 
to the left 

{00491100211 T o avoid undesirable layer depositions or the influence of further plasma sources 
in the vacuum chamber* a shield 5 is present whioh ensures gnsuring that the particle current is 
allowed to selectively pass towards the surface of the substrate 3 to be coated, 
fQQ5Qir00221 I n this oxamp teBy wav of example, the distance between the mask 1 having the 
perforations 2 toward the surface of the substrate 3 is ef^^approximately 5 mm. 
jQ0§34f00231_T he path traveled between inversion points of the mask 1 moved relatively with 
respect to the substrate 3 has been adjusted to 2 mm. 

j00§atl00241 T he already mentioned motion of the substrate holder 3* including substrate 3 
together with the mask 1 has been controlled such that a homogenous coating of constant layer 
thickness would havo boonis formed on the surface of the substrate 3 without using &e-an 
additional mask 1. 

IQQ53*r0025l I n Fig. 2 two examples for masks 1 to be used according to the invention are 
illustrated side by side. 

100541100261 On that occasion, in the mask 1 illustrated on the left, circular perforations 2 have 
been formed, and in the mask 1 illustrated on the right, hexagonal perforations 2 have been 
formed. 

100SSir00271 W ith the two examples of the masks 1, the ratio of the free cross-sectional 
surfeces of the perforations 2 to the intermediate web surfaces in the X-dircction is reduced 
continuously. 
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JQQ§6ir00281 W ith the example illustrated on the left, therefore the distances of perforations 2 
arranged in series become greater from the left to the right, and with the example illustrated on 
the right, in the same axial direction the web widths between the perforations 2 having hexagonal 
free cross-sections become greater. From this it results that the current density of the particle 
current impacting upon the surface of substrate 3 is diminished in the respective direction of the 
X-axis, and since the transition of this ratio is brought about continuously, the layer thickness 
also reduces in a continuous manner, correspondingly. 

fjMjfgH0Q2gl D ue to the relative motion which is performed between the mask 1 and substrate 
3, a uniform-layer gradient can be achieved with the substantially reduced residual ripple as 
already mentioned in the general part of the description. 

fQOS8irOQ3Q1 T he plate shaped material for the masks I should have a maximum thickness of 1 
mm, and the perforations 2 are allowed to be fabricated by means of laser cutting methods or 
even by conventionally stamping. 

fWS9ir00311 H owever, the thickness of the masks 1 can also be distinctly below 1 mm, wherein 
in such cases preferably metal foils are allowed to be employed. Since such foils have a reduced 
strength, in these cases it is advantageous to clamp the foils into a frame. 
£6060110032] I n the examples of masks shown in Fig. 2 the perforations 2 have a diameter of 2 
mm, and a cross-sectional diagonal of 2 mm in the example shown on the right, wherein the 
distances increase from line to tine of the perforations 2 each in the range of 0.05 to 0.1 mm in 
the direction of the X-axis. 

[0033] Disclosed herein is a device for forming gradient layers on subsfrate_s_m_aj^ 

chamber. The device generally includes a partide_source,_a_mask having constant thickness and 
discretely located p erforations disposed between the particle source and the substrate and a drive 
means operating on the mask to provide o scillator y movement along ai least one axis in a plane 
with respect to the substrate. A ratio of free cross-sections of the discretely located perforations 
in the mask and intermediate web surfaces of the mask per unit area is varied over at least one of 
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total surface or on areas of the m ask and/or the distance between the surface of the substrate and 
the mask differs in size over the total surface of surface areas. 

100341 Features mentioned in the sub o rdinate claims represent advantageous aspects and 

improvements of the invention. 

(00351 With the solution accords to the invent ion, the surface of a substrate is coated 

wfthjg « vacuum rhamhrr -wherein a flow rate of partic les utilized for the coating is formed from 
a particle source and directed upon the surface of the substrate to be coated through ft mask 
having discretely arranged perforations a n d disposed between the particle source and substrate. 

£0036] Plasma sources, targets and baskets , e.g. are suitable particle sources. 

[0037] r>n fhat occ asion, the mask is preferably formed p late shaped and has a constant 

thickness, generally. 

|0038| The mask and the substrate can be moved relative to each other. This motion is 

allowed to occur osciUatorilv along at least o ne axis. However, it is also possible during the 
coating process to perform such oscillatory m otions along two axes aligned orthogonally to each 
other. It is also possible to perform the relative motion in me form of a circular path such that 
the respective perforations of the perform a circular nam motion. 

[QQ391 With such a relative motion of the mask and substrate, residual ripple effect can 

be reduced fe.p;. with the factor of 101. 

[00401 The graded laver thickness can be obtained with the m ask to he used according to 

the invention bv mean s "fa respective variation of the ratio of free cross-sections of the 
perforations being discretely provided in the mask, and the intermed iate w eb s u rfaces per unit of 
area. Such graded layer thicknesses can be present over the tota l surface, on areas of the mask as 
well to form equivalent gradients of laver thicknesses on the total surf ace, or merely on areas of 
the surface to be coated. 

m04H Gradients of laver thicknesses can also be obtaine d alone or in addition to die 

previously described wav bv means of a correspon ding variation of the distance between the 
surface of the substrate and the mask. Thus, for exa™pi» th * ™ ftglf Gan hft """'quslv aligned at an 
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inclined angle toward the substrate surface, or an obliquely inclined substrate surface can be used 
with a mask aligned orthogonally to the respective flow rate of particles. 
f0042] The mask can be curved completely or merely in areas in a concave and convex 

manner, respectively. 

{00431 As a rule, it will be advantageous to form the perforations bei ng discretely 

arranged within -far, mask with identical free cross-sections and identical cross-sectional 
geometries as well, 

[0044] The free cross-sections of the perforations are allowed to be form ed in a circular, 

hexagonaL octagonal or even elliptical m anner. 

[0045] With hexagonal or octagonal cross-sec" '™ia1 shap es of the perforations it is 

possible that unequal edge lengths have been formed in order to obtain elongated free cross- 
sections of the perforations such as with elliptical shapes as well. In pa rticular, this is favouxable 
if the mask to be used has been aliened at an obliquely inclined angle or with a curved formation 
with respect to the respective substrate surface. Thus, the respective angle of inclination atjthe 
corresponding perforation may be compensated for the passage of the flow rate of particles. 

[0046] Frequently, it may be favourable to continuously provide the variation of the ratio 

of the free cross-sections of the perforations with the intermediate web surfaces per u nit of area 
along an axis. 

[00471 The perforations can be formed in a column and line, arrangement within the 

mask. Tn t his case it is also suitable for the perforations to be staggered to each oth er in adjacent 
lines or columns, 

[QQ48] It is also possible for this ratio to be varied from the inside radially toward 

outwards, for example, originating from the c entre or centre of gravity of the surface of the mask. 

[QQ491 However, the ratio of the free cross-section surfaces and of the intermediate web 

surfaces per unit of area can also be varied under consideration of a su bstrate surface being 
aligned_at an obliquely inclined angle or curved thus considering the diffe rent distance s between 
the mask and substrate surface. 
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[QQ50] The translatorv oscillatory motion between the mask and substrate should 

preferably be performed in parallel with the alignment of the respective lines and/or columns of 
perforations. 

f005l1 The path traveled between the inversion points during such an oscillatory motion 

may correspond to the central distance of centres or centres of gravity of the surface of the 
perforations of a mask 

rQ052] The same dimensioning can also be selected for the diam eter of the circular path 

motions which carry out theindividual perforations of the mask. 

[0053] The flow rate of particles used for coating can be generated in vacuum with CVD 

methods or else P2VD methods known per se. Thus, for e vflmpl^ th e electro-beam evaporation., 
the PLD method and ion-supported methods can be employed. 

[0054] Magnetron sputtering has become apparent as suitable to obta in relatively large- 
area and homogenous coatings, in particular. 

[00551 Successively, multilayer systems can be formed with several sources of particle 

flow rates in a common vacuum chamber, 

100561 Jn addition to the relative motion to be employed between the mask and substrate 

it is also advantageous to additio nall y mnve the substrate and mask together with respect to the 
plasma source and / or a target which in turn can be advantageously obtained through a common 
rotation about an axis of rotation. 

{0057] For a relative motion of the mask and substrate the most different propulsion 

concepts can be used. Thus, it is possible to use conventional m^ barhcal d rives inc)uding_gear_s 
and without additional gears which can also be combined with the drive for the common motion 
of the substrate and mask, 

[00581 However, in particular for an oscillatory translatorv relative motionjt may be 

advantageous to use at least one piezo actuator w hi^h impl ements the oscillatory motion 
including a suitable path between the inversion points bv means of a lever system, as the case 
maybe. 
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T00591 With the invention, it is pnarihle to form almost anv gradients of layer thickness, 

and however locally limited gradients of la yer thickness in the individual layers or multilayer 
systems on substrate surfaces. Laver thic J messes within the range of aO.2 up to 1 urn area are 
allowed to be implemented 

J00601 The achievable residual ripple is so small su ch that interference's with reflections 

of X-radiation can be avoided. 

[00611 Most differently formed substrate surfaces are allowed to be coated in a graded 

form wherein variations of laver thickness in different *>*™i alignments can be further obtained. 
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